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 Each year, 17.9% of adults working in a computer-dominated work environment 
develop an episode of chronic neck and shoulder pain. An effective treatment method for 
chronic pain is postural correction through therapist. The understanding of the relation 
between cervicoscapular posture and trapezius muscle activity is not fully understood 
because the anatomy of the scapula is not accessible for direct observation. Until 
recently, the spatial distribution of trapezius muscle activity could not be measured due to 
the limitation in size of detection zone in traditional bipolar electrodes. The primary goal 
of postural correction when treating cases of chronic neck and shoulder pain is to shift the 
distribution of trapezius muscle activity inferior. However, treatment methods of chronic 
musculoskeletal diseases are often inefficient due to the inability of the participant to 
permanently alter posture and activation patterns. 
 The first goal of this project was to determine the relation between 
cervicoscapular posture and the distribution of trapezius muscle activity. To accomplish 
this, cervicoscapular posture and trapezius muscle activity were recorded while 
participants adopted three unique shoulder postures. Because scapular position cannot be 




 Finally, a biofeedback intervention using HDsEMG feedback parameter was 
developed for real-time postural correction during computer use. Biofeedback is an 
effective strategy for rehabilitation application to retrain muscle activation patterns 
through motor unit re-education. The HDsEMG biofeedback interface was developed to 
shift trapezius muscle activity inferior. This interface provides the opportunity to provide 
a more effective treatment to chronic neck pain by permanently shifting trapezius muscle 
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Chronic neck and shoulder pain is a growing condition, most commonly affecting 
people who work in a computer-dominated environment. During any 6-month period, 
54% of adults suffer from chronic neck pain and 4.6% of adults experience disabling 
cases of neck pain (Côte et al., 2004). Of patients suffering from chronic neck pain, 
only 6.3% of individuals reported that their pain was non-recurrent. Furthermore, 
most individuals with chronic neck pain do not experience cessation of their 
symptoms and disabilities.  
A more complete understanding of cervicoscapular posture and the spatial 
distribution of trapezius muscle activity may allow for better treatment methods to 
chronic pain. However, due to the complexity of these conditions, rehabilitation 
approaches are often inefficient at providing permanent treatment to pain. Chapters 2-
5 further discuss the prevalence of chronic neck pain and possible effective treatment 
solutions. 
The overall goal of this project is to implement novel high-density surface 
electromyography (HDsEMG) feedback parameters on the spatial distribution of 




Objective #1: To characterize the relation between cervicoscapular posture and 
the spatial distribution of trapezius muscle activity. 
Objective #2: To evaluate the effectiveness of postural education with and 
without biofeedback intervention guided by HDsEMG feedback parameters designed 
to redistribute trapezius muscle activity during a functional typing task. 
This thesis is organized in the following manner. Chapter 2 presents previous 
investigations of musculoskeletal disorders and an overview of investigations using 
electromyography (EMG) for rehabilitation application. Chapter 3 proposes a method 
to determine the effect of cervicoscapular posture on the spatial distribution of 
trapezius muscle activity. Chapter 4 presents an overview of biofeedback 
interventions and previous investigations in which novel biofeedback interventions 
were used for rehabilitation application. Chapter 5 proposes a method to investigate 
the effectiveness of postural education guided by a biofeedback intervention using 
HDsEMG feedback parameters. Chapter 6 provides a summary of the results and 

















2. Musculoskeletal Disorders and Electromyography 
 
2.1 Introduction 
Computer use in the workplace and at home is becoming more widespread as 
technology advances in developed countries. As a result, neck pain is a growing 
ergonomic problem and becoming an economic burden due to its complexity and the 
difficulty to maintain a permanent treatment. Although recent technological advances 
provide easier and more accurate methods of diagnosing of neck pain, equal progress has 
not been made in providing long-lasting treatment solutions. This review examines two 
common causes of work-related neck pain as well as a measurement technique used to 
investigate muscle activation of shoulder and neck stabilizers. 
 
2.2 Trapezius Myalgia 
Chronic pain is very complex due to plastic changes of the pain transmission system 
and by modifications of multiple physiological factors (Rosendal et al., 2004).  Chronic 
musculoskeletal disorders of the neck and shoulder regions are a growing concern for 
workers in a computer-dominated work environment. Because these types of chronic pain 
disorders are difficult to treat, employers often assume the resulting medical expenses. 
Approximately 90% of office workers use computers on a daily basis and 40% of those 
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workers occupy a computer for more than four hours per day (Gerr et al., 2004). Croft et 
al., (2001) reported that 17.9% of adults experience at least one episode of neck pain over 
the duration of one year and 9.0% of adults experience disabling neck pain in a one year 
period (Côté et al., 2004). Workers who perform monotonous work tasks, which require 
continuous low levels of muscle activity (i.e. computer work), are at a higher risk of 
developing chronic musculoskeletal myalgia than workers who do not work in this 
condition (Veiersted et al., 1993). 
Because the muscle architecture in the trapezius is complex and varied across the 
regions, it is susceptible to chronic pain (Lindman et al., 1991). Fibers in the superior of 
the trapezius muscle originate at the external occipital protuberance, the medial third of 
the superior nuchal line of the occipital bone, and the ligamentum nuchae. The superior 
fibers descend laterally and insert onto the posterior border of the lateral third of the 
clavicle. Fibers in the middle portion of the trapezius originate at the spinous process of 
the seventh cervical (C7) and the spinous processes of the first, second and third thoracic 
vertebrae (T1-T3). The fibers ascend laterally and are inserted into the medial margin of 
the acromion and the superior lip of the posterior border of the spine of the scapula. 
Fibers in the inferior portion of the trapezius originate from the spinous processes of the 
lower portion of the thoracic vertebrae (T4-T12). The fibers ascend superiorly and 




Figure 2.1. Posterior view showing trapezius muscle architecture.  
 
Occupations with repetitive or monotonous work tasks, even muscle activity levels 
below 5% of maximal voluntary electrical activity (Thorn et al., 2002), place the user at 
risk to develop chronic pain disorders. In a common typing task, it is only necessary to 
continuously activate the superior portion of the trapezius due to the anatomical 
subdivisions of the trapezius, the non-uniform fiber orientations of the three subdivisions, 
and non-uniform motor unit recruitment (Falla et al., 2007; Holtermann et al., 2009; 
Dellve et al., 2011). Tasks requiring repeated or sustained muscle activity and in 
activities which the same motor units are used extensively, muscle fatigue is known to 
develop (Faucett, 2002). Fatigue and continuous low-level activation of the upper 
trapezius, coupled with weakness and inhibition of the middle and lower regions of the 
trapezius, may lead to chronic trapezius myalgia over time (Veiersted et al., 1993; Cools 
et al., 2007) . Women are more likely than men to develop musculoskeletal disorders in 
the neck and shoulder regions due to lower muscle strength which requires a larger 
fraction of their muscular capacity during a given task (Jensen et al., 2002; Karlqvist et 
al., 2002). Symptoms of trapezius myalgia include local pain as well as weakness in the 
6 
 
neck-shoulder region  (Larsson et al., 1999). Strength training, muscle endurance 
training, and coordination training are all common rehabilitative treatment methods used 
within physiotherapy (Waling et al., 2000); however, these methods often provide only 
temporary relief to pain symptoms. 
 
2.3 Cervical Posture and Neck Pain 
 Enwemeka et al. (1986) reported that patients who experience chronic neck pain 
exhibit a forward head positions (Fig. 2.1). The forward head position is likely a 
combination of lower cervical flexion (C7-C4) and upper cervical extension (C3-C1) 
(Szeto et al., 2002). This particular posture may increase chronic neck pain symptoms 
due to the increased static load placed upon the upper trapezius by the weight of the head 
(Larsson et al., 1999). Increased flexion in the cervical spine may contribute to neck pain 
with this postural habit (Edmondston et al., 2011).  Maintaining the head in this posture 
requires excessive activation of the upper trapezius, which increases the risk of 
developing chronic trapezius myalgia. Although there is an apparent correlation between 





Figure 2.2: Cervicoscapular posture (a) habitual posture (b) ergonomically correct posture and 
(c) “hunched” posture (Image taken from Edmondston et al., 2011). 
 
In computer settings, the position of the workstation screen has a direct effect on 
cervical posture. A previous report (Straker & Mekhora, 2000) provides evidence that 
lower cervical flexion in response to looking down upon a computer screen increases the 
static load placed upon the stabilizing muscles of the neck.  
 
2.4 Scapular Posture and Neck pain 
Abnormal scapular kinematics are believed to contribute to shoulder pain and 
pathology (Ludewig & Cook, 2000; Vermeulen et al., 2002). Clinical theory contends 
that aberrant scapular posture and altered patterns in muscle activity have been linked to 
pain (Behrsin & Macguire, 1986). Wegner et al., (2010) demonstrated that computer 
workers who displayed poor scapular posture had higher pain levels in the cervical spine 
region. Griegel-Morris et al., (1992) determined a relation between cervical pain and 
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inter-scapular pain. Falla et al. (2007) reported that individuals with chronic neck pain 
tend to have greater difficulty maintaining proper posture in the cervicoscapular region 
for an extended period of time compared to healthy individuals. However, measuring 
scapular position is difficult to do because of the substantial soft-tissue covering it. A 
recent investigation demonstrated that using location of the acromion process is an 
accurate surrogate of scapular movement in the sagittal plane (Van Andel et al., 2009). 
Tracking the accurate location of the scapula is clinically meaningful when scapular 
position is related to pain in the neck and shoulder region. Although spatial distribution 
of trapezius muscle activity and cervicoscapular posture both have an effect on the 
development of chronic trapezius myalgia, the correlation between the two remains 
unclear. 
 
2.5 Electromyography  
Electromyography (EMG) is a common technique used to record the changes in 
electric potentials produced by skeletal muscles. These potentials are in response to an 
impulse sent to the central nervous system (CNS) through a motoneuron. The changes in 
electric potentials are caused by an electrochemical reaction in which the initial action 
potential is produced by an influx of sodium across the fiber membrane which reverses 
the polarity of the membrane. Potassium is then flushed across the membrane as the 
potential of the membrane is reversed, which repolarizes the muscle membrane. 
Following repolarization, there is an incursion of potassium causing a voltage 
undershoot. The motor unit action potential (MUAP) is composed of the sum of all 
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electrical activity of the activated muscle fibers within a given motor unit. The change in 
electric potential across a muscle membrane is measured via electromyography. 
EMG is traditionally measured through surface electrodes. Surface electrodes are a 
noninvasive technique for measuring changes in the electric field potentials by placing 
electrodes on the muscle in question. The quality of the signal recorded through surface 
electrodes can be quantified by the signal-to-noise ratio (SNR), which compares the 
background noise against the actual signal. A bipolar configuration is commonly used to 
determine limited temporal and spatial resolution of the skeletal muscle. The resulting 
signal between the two electrodes, commonly referred to as a single differential 
configuration, has a lower SNR than monopolar recordings.  
Bipolar surface electrodes are unable to measure potentials of deep muscles due to the 
detection zone between electrodes. The detection zone in bipolar recordings is not small 
enough to discriminate between individual motor units; the recorded signal is instead the 
summation of multiple motor units. Increasing thickness of subcutaneous tissue causes a 
significant decay in in the action potential of a muscle (Cescon et al., 2008). 
Intramuscular electrodes are an alternative procedure used to measure deeper and/or 
smaller muscles. Intramuscular electrodes are inserted into the muscle using a fine-wire 
needle and are able to monitor the activity of one or more individual MUs (Blok et al., 
2002; Merletti et al., 2008). Identification of individual motor units via intramuscular 
EMG is only possible if each action potential uniquely represents its respective motor 
unit (Roberto Merletti et al., 2008). Both fine-wire and bipolar electrode configurations 
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present significant limitations by their lack of ability to represent the true spatial 
activation patterns of the muscle in question. 
High-density surface EMG (HDsEMG) is a non-invasive technique used to measure 
changes in the electrical field potential evoked by active muscle fibers with multiple 
closely spaced electrodes overlying a large portion of the muscle. HDsEMG allows a 
more accurate representation of spatial EMG activity of an entire muscle, which expands 
the possibilities to further explore muscle characteristics, such as overall recruitment and 
distribution patterns (Drost et al., 2006). In contrast to traditional bipolar signals, 
HDsEMG provides two recordings in the spatial dimension as well as one recording in 
the temporal dimension (Roberto Merletti et al., 2008). HDsEMG recordings provide a 
topographical map of the spatial and temporal characteristics of the muscle. 
Topographical maps created from HDsEMG change with force level (Holtermann et al., 
2005), indicating that motor unit recruitment is not spatially uniform in the muscle. 
Changes in heterogeneity caused either by motor unit recruitment or substitution cannot 
be determined from traditional bipolar EMG (Farina et al., 2008; Rojas-Martínez et al., 
2012). Identifying changes in heterogeneity may reflect muscle compartmentalization, 
which is advantageous in muscles with complex architecture (e.g. trapezius) (Johnson et 
al., 1994).  
HDsEMG can be used to detect pathologic changes at the individual motor unit level 
(van Dijk et al., 2008). De Luca et al. (2006) recently develop, an algorithm that 
automatically identifies the recruitment patterns of individual motor units. Identifying 
individual motor unit characteristics (location, spatial orientation, and endplate zone) has 
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many clinical and physiologic benefits. This is especially beneficial because individual 
motor unit patterns provide information regarding how they are controlled by the central 
nervous system (CNS).  
 
2.6 HDsEMG and Trapezius Myalgia 
Musculoskeletal myalgia is most commonly detected and diagnosed through bipolar 
EMG recordings (Larsson et al., 2000; Lundberg et al,, 1994; Røe et al., 2001; Veiersted 
1994; Öberg et al., 1992). However, assumptions made upon the limited spatial resolution 
of bipolar recordings are restricted to the detection zone of the electrode placement.  
HDsEMG can be used in multiple clinical applications involving muscle fatigue, 
motor neuron diseases, neuropathies, myopathies, spontaneous muscle activity, and 
motor unit firing rates. HDsEMG also allows the recording of endplate zone, depth, size 
and position of individual motor units, as well as spatial and temporal characteristics of 
muscle activity. Further understanding of motor unit firing patterns of adults experiencing 
chronic trapezius myalgia in a computer-dominated workplace may provide insight on 
permanent treatment solutions. Henneman (1985) determined that there is an orderly 
recruitment pattern of motor units during a contraction in which MUs are recruited based 
on size, smallest to largest, as contraction levels increase. Recruitment patterns are 
applicable in cases of chronic pain because continuous activity resulting in overloading of 
specific MUs has the potential to result in pain caused by myalgia (Zennaro et al., 2003). 
Investigations that involve the behavior of individual motor units (MUs) during a 
continuous sustained contraction are becoming increasingly common due to the need to 
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further understand the complexity of motor unit firing patterns in relation to chronic 
musculoskeletal myalgia. 
In cases of trapezius myalgia, the heterogeneity of muscle activation of the upper 
trapezius is expected to be higher due to the continuous, low-level activation of the 
superior fibers of the upper trapezius. Using HDsEMG recordings, the heterogeneity of 
the muscle can be determined.  
Using HDsEMG to investigate muscle activity over the span of an entire muscle 
expands many new possibilities of muscle characteristics that have not yet been explored. 
In the context of trapezius myalgia, HDsEMG recordings can provide insight into activity 
and distribution patterns throughout the three regions of the trapezius. Clinically, 
HDsEMG is extremely advantageous to diagnose and treat many conditions, as well as 

























3. Effect of cervicoscapular position on the spatial 




 Workplace-related chronic neck pain is a growing problem in the United States 
that accounts for 56% to 65% of all occupational disabling injuries (Piligian et al., 2000). 
Fifty-four percent of working adults suffer from chronic neck pain within any six-month 
period and 4.6% of working adults report that neck pain causes significant performance 
inhibitions of daily activities (Côté et al., 2004). This epidemic of chronic neck pain has 
been linked to altered activation patterns of the trapezius due to long-term computer use 
(Lindegård et al., 2012). Falla et al. (2004) found that patients with chronic neck pain in 
static sitting postures, such as computer work, demonstrated greater activity patterns of 
the upper trapezius compared to asymptomatic controls.  
Patients suffering from chronic neck pain have demonstrated abnormal 
cervicoscapular positions during computer work (Szeto et al., 2002). This adopted 
posture may be a mechanism to cope with the symptoms, however, assuming these 
postures may contribute or enhance chronic neck and shoulder pain symptoms (Behrsin 
& Macguire, 1986). Previous investigations have described how patients experiencing 
chronic neck and shoulder pain exhibit increased cervical flexion, or “poor” posture 
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(Enwemeka et al., 1986). In this position, the stabilizing muscles of the neck and shoulder 
region are subject to “over-activation” due to the increased static load created by the head 
(Szeto et al., 2005). Abnormal scapular postures and muscle activity contribute to pain in 
the neck and shoulder region (Ludewig & Cook, 2000; Vermeulen et al., 2002); 
therefore, retraining proper scapular posture is commonly used in rehabilitation in 
patients with neck and shoulder pain (Dickens et al., 2005; Mottram et al., 2009). Wegner 
et al., (2010) demonstrated that patients who applied postural correction of the scapula 
during typing generated higher activation patterns in the middle and lower portions of the 
trapezius than compared to activation in the upper trapezius. 
 The cranial-vertebral angle is a commonly used metric to describe cervical 
posture (Ankrum & Nemeth, 2000; Breen et al., 2009; Yip et al., 2008; Yoo & Kim, 
2010; Edmondston et al., 2011; Ma et al., 2011). Cervical posture is most often described 
by the angle between a vertical line from C7 to the tragus (Figure 3a), which is 
commonly known as the cranial-vertebral (CV) angle or the C7-tragus angle (Ankrum & 
Nemeth, 2000). The average cranial-vertebral angle with respect to vertical during good 
posture is 43.7° during a functional typing task (Ankrum & Nemeth, 2000). Maintaining 
a cranial-vertebral angle greater than 45° for an extended period of time places a 
continuous static load on the stabilizing muscles of the neck and shoulder, which may 
cause over-activation in the muscles of the neck and shoulder (e.g. trapezius) and has the 
potential to cause chronic neck pain (Breen et al., 2009; Larsson et al., 1990). When 
using motion capture technology, the position of the scapula cannot be accurately 
measured because of the substantial soft-tissue covering it. As a surrogate, Van Andel et 
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al. (2009) demonstrated that placing a marker on the acromion was an accurate method of 
measuring scapular position. 
Although there is an apparent relation between cervicoscapular kinematics and 
spatial distribution of trapezius muscle activity, quantitative evidence regarding the 
relation between the two is limited. When correlating cervical posture and trapezius 
muscle activity, the cranial-vertebral angle is only directly correlated with the ascending 
fibers of the upper trapezius; yet the cranial-vertebral angle is often used to describe cases 
of neck pain caused by changes in trapezius muscle activation patterns. The scapula is 
known to have a significant effect on trapezius muscle activity (Wegner et al., 2010), yet 
the correlation between the direct location of the scapula and spatial distribution patterns 
of trapezius muscle activity is not well understood.   
 The first aim of this investigation was to determine how three different shoulder 
postures (scapular adduction, scapular adduction and depression, and scapular elevation) 
affected cervicoscapular position. We hypothesized that each posture would affect 
scapular position and only scapular elevation would affect cervical posture. The second 
aim of this investigation was to determine the correlation between scapular position and 
cervical posture. We hypothesized that there would be no correlation between scapular 
and cervical posture. The third aim of this investigation was to determine the correlation 
between cervicoscapular posture and the distribution of trapezius muscle activity. We 
hypothesized that there would be no correlation between cervical posture and the 
distribution of trapezius muscle activity. We also hypothesized that a superior location of 





 Twenty participants (Table 3.1) without a history of chronic neck or shoulder pain 
participated in the investigations. Participants were recruited from the university and 
local community. All participants provided a written, informed consent in accordance 
with the Colorado Multiple Institutional Review Board (COMIRB) prior to the start of 
the experimental session. Participants visited the laboratory for one data collection in 
which cervicoscapular posture and trapezius muscle activity were collected during three 
directed postures. 
 
Table 3.1. Participant demographic data. 
 Male Female 
Mean SD Mean SD 
Age (years) 30.4 9.9 36.5 13.9 
Height (cm) 183.8 8.0 171.7 5.9 
Weight (kg) 84.1 12.8 77.5 9.5 
Dominant Hand (right\left) 9\1 - 9\1 - 
 
3.2.2 Instrumentation 
Participants were instrumented with 25 reflective markers (Figure 3.1a) used to 
record motion with eight cameras surrounding the motion capture area (Vicon, 
Centennial, CO). HDsEMG signals were recorded from two semi-disposable adhesive 
electrode arrays (ELSCH064NM2 Pin Out, OT Bioelettronica, Torino, Italy). The 
superior electrode array was placed overly the upper trapezius (UT) and middle trapezius 
(MT), and the inferior electrode array was placed overlying the MT and lower trapezius 
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(LT) (Figure 3.1b). Each electrode array was composed of 64 electrodes, in a 13x5 
orientation with an 8-mm inter-electrode distance (IED) and a 3-mm electrode diameter. 
There is one missing electrode in the inferior-lateral corner of each array, which 
represents the origin that describes electrode position (Figure 3.2a). EMG signals were 
amplified (64 channel surface EMG-USB2 amplifier, OT Bioelettronica, Torino, Italy; 
bandwidth 10-500 Hz) by a factor of 5000, sampled at 2048 Hz, and converted to digital 
form by a 12-bit A/D converter. Visual inspection of the raw EMG signals was 
performed in post-processing to identify any channels with poor contact or short circuits 
and signals were linearly interpolated using adjacent channels (Gallina et al., 2013). 







                                   (b) 





(a)     (b)  
Figure 3.2. (a) Schematic of HDsEMG electrode array with position on trapezius (b) 
example of topographical map (interpolation by a factor of 8) of 51 bipolar average rectified 
values of superior array with center of gravity (white dot) and innervation zone (white 
dashed line) 
 
To standardize electrode array placement across all participants, the superior 
electrode array was placed in relation to the innervation zone (Farina et al., 2002). Prior 
to placement of the superior electrode array, the main innervation zone of the upper 
trapezius was identified using a dry linear array (SA 16/5, OT Bioelettronica, Torino, 
Italy) that consists of: 16 silver bar electrodes, 5-mm IED, 1 mm width. The superior 
electrode array was placed with the 4th electrode row along the C7-acromion line with the 
most medial electrode column 10-mm distant from the innervation zone, parallel to 
muscle fiber direction (Figure 3.2a) (Farina et al., 2008). Skin beneath the electrode 











3.2.3 Experimental Protocol 
 Each participant was coached by a researcher on how to sit with correct posture. 
The participant was instructed to maintain a “neutral” posture in which their trunk was 
upright, chin was tucked, and shoulder blades were slightly depressed and adducted. 
Participants held this posture for one minute. Each participant was then directed to 
assume three unique shoulder postures, which include a scapular elevation, scapular 
adduction, and scapular adduction and depression. These postures are presumed to 
individually activate the upper, middle, and lower portions of the trapezius (A 
Holtermann et al., 2009). The participants were instructed to sit in an upright position, 
with feet centered between the left and right acromion, and ears directly over shoulders. 
Each participant was instructed to perform each posture to the end of range of movement 
and hold for thirty seconds. Differences between cervicoscapular posture and the 
distribution of trapezius muscle activity in all three postures with respect to their 
respective average in the coached neutral posture was determined. 
 
3.2.4 Data Processing 
 Cervicoscapular posture was quantified during each typing task by two measures: 
cranial-vertebral angle and scapular position. Marker data was filtered with a 4th order, 
zero phase lag Butterworth filter with lowpass cutoff frequency of 5 Hz. The cranial-
vertebral angle was calculated as the angle of a line from the C7 to the tragus with respect 
to a vertical reference (Figure 3.3a). The CV angle was determined using the C7 marker 
and the mean location between markers placed on each tragus (Figure 3.3a). Scapular 
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position is difficult to measure because it is obstructed by several muscles in the rotator 
cuff (supraspinatus, infraspinatus, teres major, teres minor) and the deltoid. As a 
surrogate, scapular position was quantified by the location of the acromion process of the 
dominant side of the participant relative to C7, and was expressed in a torso-fixed 
coordinate system (Figure 3.3b). Scapular position adduction and abduction (θAB) was 
quantified by the angle between C7 and the acromion process with respect to the 
horizontal. Positive θAB angles indicate scapular abduction while negative θAB angles 
indicate scapular adduction. Scapular elevation and depression was quantified by the 
angle between C7 and the acromion process with respect to the vertical. Positive θEL 
angles indicate scapular elevation while negative θEL angles indicate scapular depression. 
(a)  
(b)  
Figure 3.3. (a) CV angle (b) scapular position angles (θAB, θEL). A local coordinate system 
origin was placed on the marker on the C7. 
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 EMG signals were post-processed in Matlab and filtered using a 4th order, zero 
phase lag, lowpass Butterworth filter with 5 Hz cutoff frequency. Fifty-one bipolar 
signals were calculated from each electrode array. The average rectified value (ARV) 
was computed from each bipolar recording from adjacent, non-overlapping signal epochs 
of 0.5 second duration. To characterize the spatial distribution of trapezius muscle 
activity, the center of gravity (COG) of activity in the medial-lateral (XCOG) and in the 
inferior-superior direction (YCOG) (Figure 3.2b) was calculated from the 51 bipolar ARV 
recordings (Farina et al., 2008).  
 
3.2.5 Statistical Analysis 
All variables were taken in reference to their respective average values from the 
coached neutral posture. Small values indicate similarity to the coached neutral posture. 
Independent variables included: θAB and θEL; dependent variables included: CV angle, 
XCOG, and YCOG. Independent t-tests were used to determine if changes in cervicoscapular 
posture (θAB, θEL, CV angle) were different from the neutral posture in all three shoulder 
postures. Pearson product-moment correlation [95% confidence interval] was used to 
quantify the relation between scapular position (θAB, θEL) and cervical posture (CV 
angle). Pearson product-moment correlation [95% confidence interval] was used to 
quantify the relation between cervicoscapular position (θAB, θEL, CV angle) and trapezius 
muscle activity (XCOG, YCOG).  A single factor analysis of variance (ANOVA) was used 
to assess the effect of cervicoscapular posture on the distribution of trapezius muscle 
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activity and was followed with paired t-test post hoc tests. The level of significance was 
set at α=0.05. 
Cervicoscapular posture and trapezius muscle activity were averaged across a 
window length of 15 seconds during the posture (Figure 3.4). This window length begins 
at 10 seconds, which ensures the participant has adopted the posture to their maximum 
anatomical position for at least 5 seconds.  
 
 
Figure 3.4. Relation between scapular position and YCOG location during scapular elevation 
posture of Subject 11. Marker data and EMG data were averaged from 10 to 25 seconds. This 
window ensures each participant has adopted the posture to maximum anatomical position for 




















































3.3.1 Changes in Cervicoscapular Posture 
 The changes in cervicoscapular posture with respect to the neutral posture during 
each posture can be found in Figure 3.5. The change in θAB was different than the neutral 
posture in scapular adduction, scapular adduction and depression, and scapular elevation 
(P = 0.0001, P = 0.013, P = 0.0002, respectively). The change in θEL was different than 
the neutral posture during scapular adduction and scapular elevation (P = 0.013, P < 
0.0001, respectively), but was not different during scapular adduction and depression (P 
= 0.406). The change in cranial-vertebral angle was different than the neutral posture 
during scapular adduction and scapular adduction and depression (P < 0.0001, P = 0.018, 






Figure 3.5. Change in cervicoscapular posture (θAB, θEL, CV angle) with respect to coached 












































































3.2 Correlation between Cervical and Scapular Posture 
A moderate correlation was found between scapular position in the sagittal plane 
(θAB) and cervical posture (r = 0.40 [0.15, 0.59]). A low correlation was found between 
scapular position in the frontal plane (θEL) and cervical posture (r = 0.14 [-0.13, 0.39]). 
 
3.3 Effect of Cervicoscapular Posture on Distribution of Trapezius Muscle Activity 
 Changes in cervical posture had a low correlation with changes in XCOG (r = -0.02 
[-0.29, 0.24]). Changes in cervical posture were moderately correlated with changes in 
YCOG (r = 0.21 [-0.09, 0.42]). Changes in CV angle did not affect trapezius muscle 
activity (XCOG, YCOG) (F = 0.10, P = 0.76; F = 2.19, P = 0.14, respectively). Changes in 
CV angle were different between scapular adduction and scapular elevation (P < 0.001) 
and between scapular adduction and depression and scapular elevation (P = 0.016).   
The change in spatial distribution of trapezius muscle activity with respect to the 
coached neutral posture was significantly affected by changes in scapular posture. Low 
correlations were found between the change in θAB and the distribution of trapezius 
muscle activity (XCOG, YCOG) (r = -0.16 [-0.41, 0.14], r = 0.18 [-0.09, 0.42], respectively). 
Changes in θAB did not affect trapezius muscle activity (XCOG, YCOG) (F = 0.56, P = 0.46; 
F = 1.27, P = 0.27, respectively). Changes in YCOG were different between scapular 
adduction and depression and scapular elevation (P = 0.006).  
No correlation was found between the change in θEL and the change in XCOG (r = -
0.13 [-0.38, 0.14]) while a moderate correlation was found between the change in θEL and 
the change in YCOG (r = 0.47 [0.15, 0.59]). The change in θEL did not affect changes in 
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XCOG (F = 0.25, P = 0.619), but it did affect changes in YCOG (F = 13.07, P = 0.0007).  
θEL was different between scapular adduction and scapular elevation (P < 0.001) and 
between scapular adduction and depression and scapular elevation (P < 0.001). The 
correlation between the change in θEL and YCOG can be found in Figure 3.6. 
 
 




 The aim of this study was to quantify the correlations between scapular positions 
and the spatial distribution of trapezius muscle activity using HDsEMG. The current 
study showed no correlation between cervical posture and trapezius muscle activity, but 
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The effect of cervicoscapular posture on the spatial distribution of trapezius 
muscle activity has not been widely investigated. This investigation demonstrated that 
scapular elevation strongly affects the distribution of trapezius muscle activity in the 
inferior-superior direction. These findings are consistent with previous reports indicating 
that the change in the distribution of trapezius muscle activity is most significant in the 
inferior-superior direction (Falla & Farina, 2007). Because individuals who experience 
chronic neck pain in the upper trapezius exhibit more superior activation patterns of the 
trapezius muscle, it may be argued that these individuals also exhibit greater scapular 
elevation than compared to non-pathologic patients. The large differences among subjects 
in the amount of shift in the center of gravity location in the inferior-super direction is 
consistent with previous investigations (Farina et al., 2008). These large variations may 
be due to individual motor unit recruitment as control strategies among each participant 
during each contraction.  
This investigation showed that scapular movement in the frontal plane (abduction 
and adduction) affected cervical posture. Greater scapular adduction yielded smaller 
cranial-vertebral angles while greater scapular abduction yielded larger cranial-vertebral 
angles. Because individuals who experience chronic neck pain exhibit forward head 
positions (Enwemeka et al., 1986; Larsson et al., 1999; Ahlgren et al., 2001), the results 
of this study suggest that individuals with neck pain may also exhibit greater scapular 
abduction. However, the cranial-vertebral angle is limited because the forward head 
position is a combination of lower cervical flexion (C7-C4) and upper cervical extension 
(C3-C1) (Szeto et al., 2002). Upper cervical extension is most often seen in computer 
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users who adopt a “hunched” posture, requiring them to look up at the computer screen 
(Edmondston et al., 2011). This position increases the load placed on the muscles of the 
neck and shoulder, making these individuals more susceptible to trapezius myalgia than 
individuals who sit in an ergonomically correct posture. The cranial-vertebral angle is an 
angle of the entire cervical spine (C7-C1) and therefore is not sensitive to position 
changes within individual sections of the neck. Future work will investigate determining 
a more accurate measure that is sensitive to upper cervical extension to describe cervical 
posture. 
This investigation showed no correlation between cervical posture and trapezius 
muscle activity in any direction. Electromyographic signals were not recorded on the 
muscles surrounding the cervical spine because the aim of this study was to investigate 
the effect of cervicoscapular posture in relation to the spatial distribution of trapezius 
muscle activity. Specifically, this investigation was investigating the area of the trapezius 
that is susceptible to trapezius myalgia (Lindman et al., 1991; K.B. Veiersted, 1994). 
Based on the results of this study, using the cranial-vertebral angle in reference to 
trapezius muscle activity is not appropriate, unless being used in relation the ascending 
fibers of the upper trapezius. 
   
3.4.1 Limitations 
In the current study, fatigue was not taken into consideration. In skeletal muscles, 
fatigue causes a decrease in frequency and an increase in signal amplitude ( Merletti et 
al., 1990; Farina et al., 2002; Maluf & Enoka, 2005; Madeleine & Farina, 2008). In this 
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investigation, isometric contraction length was 30 seconds and was not a maximum 
voluntary contraction (MVC). This contraction length may induce fatigue in pathologic 
patients, but the subject pool in this investigation had no symptoms of chronic neck or 
shoulder pain. 
Holtermann et al., (2009) demonstrated that participants were able to selectively 
activate the lower trapezius voluntarily. However, the participants practiced the task until 
selective activation of the lower trapezius was accomplished. In the current study, the 
participant was verbally and physically coached by a researcher on the posture, but no 
electromyographic signals were recorded to determine if the participant was successfully 
activating the lower trapezius. This lack of time for the participant to familiarize 
themselves with the posture explains the lower number of participants who demonstrated 
significant correlations between scapular position and trapezius muscle activity in the 
inferior-superior direction.   
The selected postures were not specific for each individual subdivision of the 
trapezius, thus the correlation between cervicoscapular posture and trapezius muscle 
activity may have been affected by surrounding muscles (e.g. rotator cuff and deltoid) 
rather than the trapezius.  
The assumptions made regarding scapular position in this investigation were 
made by using a surrogate marker placed on the acromion. It is not possible to measure 
the true position of the scapula using reflective markers ex vivo because it is covered by 





 The findings in the current study indicate that scapular position in both medial-
lateral direction and inferior-superior is correlated with trapezius muscle activity in the 
inferior-superior direction. Individuals who adopt poor ergonomic postures, or a 
“hunched” posture (scapular elevation and abduction), are at greater risk of developing 
chronic neck pain due to the adverse effects this position has on cervical posture and the 
distribution of trapezius muscle activity. These results indicate that altering scapular 
position in a rehabilitative setting will alter the distribution of trapezius muscle activity, 




















4. Biofeedback Based Interventions 
 
4.1 Introduction 
 In developed countries, computer use dominates the work environment. Because 
of this, there is a higher prevalence of chronic neck pain seen amongst workers, as high 
as 67% in computer workers (Tornqvis et al. 2009), which may be the result of chronic 
long term computer use. Chronic musculoskeletal disorders such as neck pain can have 
multifactorial origins and complex physiological parameters (Voerman et al. 2007). As a 
result, they are particularly difficult to treat with success. The Cinderella hypothesis, 
based on findings of orderly motor unit recruitment (Henneman, 1985), implies that 
chronic pain can be caused by continuous activity of small motor units activated during 
low-level contractions (Zennaro et al. 2003). Sustained computer use demands low-level 
neck muscle contraction and often leads to poor cervical posture. Eltayeb et al. (2007) 
reported 54% of computer users had at least one episode of neck or shoulder pain 
throughout a 12-month period.  
Biofeedback-based rehabilitation therapies have been developed to address both 
muscle activation and posture, and have demonstrated effectiveness at re-educating 
muscle recruitment patterns through motor learning. To obtain a permanent treatment 
solution in patients with chronic pain, retraining and re-acquisition of motor skills may be 
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especially critical. This review examines rehabilitation using biofeedback and the 
effectiveness of these interventions on chronic pain. 
 
4.2 Forms of Biofeedback 
 Biofeedback is defined as a method of treatment that requires the use of 
electromechanical instruments to accurately measure, process and provide feedback to 
individuals in forms of auditory and/or visual feedback signals (Dursun et al. 2004). 
Biofeedback is particularly effective in treatment of cases of chronic pain and stroke 
because of the information it provides which allows for motor skill learning. There are 
various forms of effective biofeedback used in rehabilitation applications, all of which 
have significantly proved their effectiveness as a rehabilitation tool. 
Biofeedback providing information on body segment positioning, or motion 
biofeedback, is particularly useful in coordination training. Pressure or force biofeedback 
can be effective when a force produced to or from a segment of a body is needed. Nichols 
(1997) effectively provided force platform biofeedback through center of pressure (COP) 
location to patients recovering from stroke to guide balance retraining. Ferdjallah et al. 
(2002) used force biofeedback to provide awareness of the contribution of transverse 
body rotation during quiet standing, which is critical for balance in cases of cerebral 
palsy. To improve head stabilization in children with cerebral palsy, Leiper et al. (1981) 
provided an auditory cue when the head position of participant reached a threshold of a 
predetermined angle. The auditory cue allowed participants to adequately control the 
position of the head and trunk, which is crucial in maintaining balance.  Biofeedback 
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regarding joint positioning is advantageous in rehabilitation, injury prevention and 
strength training. Goniometers placed on the knee joint and synced to recognize 
predetermined angles can provide biofeedback to patients to prevent the hyperextension 
of the knee (Ceceli et al., 1996). Segment coordination training through motion 
biofeedback is effective at both injury prevention and re-training body segments disabled 
or altered by various conditions. 
Thermal biofeedback is often used to monitor peripheral vessels which can help 
treat various circulatory disorders. Marcus et al. (1998) applied thermal biofeedback for 
migraine headache prevention techniques. Blanchard et al. (1990) used thermal 
biofeedback to guide cognitive therapy as a relaxation technique to improve symptoms of 
vascular migraines. Scharff et al. (2002) used thermal biofeedback through hand warming 
biofeedback to improve pediatric migraine symptoms. Chapman (1986) demonstrated the 
effectiveness of thermal biofeedback in decreasing chronic muscle contractions which 
cause migraines. 
The most common form of biofeedback in rehabilitation application is electrical 
feedback (electroencephalography (EEG) or electromyography (EMG)). Biofeedback 
using EEG signals from brainwaves can be applied to various neurological disorders 
including epilepsy (Egner & Gruzelier, 2004). EMG biofeedback provides information 
regarding the activation of skeletal muscles. Rokicki et al. (1997) applied EMG 
biofeedback and relaxation training to relieve tension headache symptoms. Stuckey S.J. 
(1986) demonstrated the effectiveness of EMG biofeedback in treating cases of chronic 
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low back pain through the re-distribution of activity of the stabilizing muscles of the low 
back. 
The particular form of biofeedback applied is dependent upon the specific 
condition being explored. The application of the various forms of biofeedback are 
immense, however, biofeedback is particularly useful in the field of rehabilitation 
because of its proven effectiveness to retrain motor skills. 
 
4.3 Biofeedback as a Rehabilitative Tool 
Biofeedback is commonly used as a rehabilitation tool because of its effectiveness 
to retrain affected muscles through motor unit re-education. In order to reduce pain 
stemming from hyperactivity, rehabilitative techniques should focus on: muscle tension 
education levels, situations in which hyperactivity occurs, relaxation methods and 
application of these relaxation methods to reduce hyperactivity (Spence et al. 1995). A 
common symptom that chronic pain patients share is abnormal activation of the affected 
muscles as a response to pain (Vlaeyen et al. 1995). Patients with chronic pain often 
avoid activating affected muscles or activating muscles nearby as a mechanism to cope 
with the pain being experienced. Over time, these altered activation patterns will develop 
consequences of their own and, therefore, the cycle of chronic pain is continued.  
Rehabilitation biofeedback is often used to treat stroke symptoms or muscle 
overuse injuries. Barclay-Goddard  (2005) provided visual feedback of gait asymmetry 
and balance tasks to further advance the rehabilitation of stroke patients for standing 
balance retraining. Visual feedback regarding standing tasks has also proved effective in 
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stroke rehabilitation (Van Peppen et al. 2006). Biofeedback used for relaxation training 
has provided significant results in the decreasing tension in the stabilizing muscles of the 
neck and shoulder (Voerman et al. 2004). Breen et al. (2009) used biofeedback from an 
accelerometer placed on the neck to guide postural education in computer workers for an 
extended period of time. Biofeedback used for rehabilitation has proven to be an efficient 
tool. Biofeedback is often used as an effective rehabilitation tool because of its ability to 
retrain altered motor skills. 
Various forms of biofeedback are often used for rehabilitation purposes because 
of their proven effectiveness as permanent treatment solutions. Specifically, EMG 
biofeedback systems are particularly useful in cases of chronic pain because the 
awareness and re-education provided to the patient have proven extensively to allow 
permanent reactivation patterns of affected muscles, which is crucial in the treatment of 
chronic pain.  
 
4.4 EMG Biofeedback 
EMG biofeedback provides real-time information about muscle activation 
patterns (Ng et al. 2008). EMG biofeedback is most commonly used in rehabilitation 
because it is extremely effective at both muscle re-education and relaxation (Wolf & 
Binder-MacLeod, 1983). It is advantageous to use EMG biofeedback because the signal 
represents the neuromuscular control required to complete a particular task. For example, 
Palmerud et al. (1995) applied EMG biofeedback to allow participants to voluntarily 
reduce and redistribute muscle activity of the stabilizing muscles of the neck during 
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various static arm positions. The voluntary redistribution of muscle activity using EMG 
biofeedback is ergonomically significant because of correlation between muscle activity 
and computer work. 
EMG biofeedback provides muscle awareness that is not otherwise obtainable in 
other forms of biofeedback. In cases of chronic pain resulting from muscle overuse, EMG 
biofeedback is particularly useful because of the awareness it provides to the patient. 
Hermens & Hutten (2002) used an EMG biofeedback system to provide greater 
awareness regarding undesirable muscle activation and found significant results that 
indicate real-time EMG biofeedback results in almost immediate change of muscle 
activation patterns. The awareness that EMG biofeedback provides regarding skeletal 
muscles allows the ability to redistribute or change activity patterns of affected muscles. 
Voerman et al. (2007) used two forms of biofeedback (EMG and counseling) in patients 
with work-related neck and shoulder pain. They found significant decreases in pain 
intensity scores between both biofeedback groups and the control. EMG biofeedback has 
also proved to provide significant improvements of plantar flexor muscles and muscle 
joint activation patterns in children with cerebral palsy (Dursun et al. 2004). Lin et al. 
(2012) provided EMG biofeedback to rehabilitate stroke patients through cycling 
exercise. They also found significant improvements in muscle activity in groups provided 
the visual EMG biofeedback. While it is scientifically still somewhat unclear as to the 
true cause of its effectiveness of altering muscle activation patterns, the awareness EMG 
biofeedback provides have proven useful as a rehabilitative tool. 
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It is important to understand and prove the effectiveness of EMG biofeedback that 
is not otherwise obtainable through other rehabilitative methods. While EMG 
biofeedback has proven to be effective, the acquisition and implementation of these 
systems can be more difficult than other common forms of rehabilitation. Ryan & Gevirtz 
(2004) compared the effects of EMG biofeedback to that of other common rehabilitative 
techniques including: progressive relaxation training and breathing retraining and 
determined that the EMG biofeedback intervention provided the most significant results 
in altered muscle activation patterns which resulted in symptom reduction of patients 
experiencing chronic neck pain. Dellve et al. (2011) compared EMG biofeedback to a 
strength training program in female workers with chronic neck pain and found significant 
results in the decreasing of pain in both groups. While the strength training program is 
more easily implemented in a rehabilitative setting, the biofeedback group showed a 
decrease in pain immediately and had more lasting improvements of workability. The 
effectiveness of EMG biofeedback has proven to be an efficient tool at treating chronic 
pain symptoms. 
 To date, only one investigation has implemented high-density surface EMG 
(HDsEMG) feedback parameters for real-time biofeedback (Samani et al., 2010). This 
investigation studied the spatio-temporal effects (uniformity of muscle activation patterns 
and degree of amplitude) of muscle activity by inducing active and passive pauses on 
trapezius muscle activity. The active pause consisted of isometric bilateral shoulder 
elevations (approximately 30% MVC) and the passive pause consisted of muscle 
relaxation. The biofeedback interface developed in this investigation implemented a 
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fuzzy-logic inference from HDsEMG inputs. These inputs consisted of root mean square 
(RMS) and permutated sample entropy (PeSaEn) of ipsilateral clavicular and descending 
portion of the upper trapezius. The participants in this investigation performed three, 10-
minute typing tasks. During these tasks, if one of the variables from the HDsEMG 
biofeedback interface was continuously the same for more than 40 seconds, a feedback 
alarm was given to the participant to instruct them to perform either the active or passive 
pause, depending on the task.  This advanced biofeedback interface was able to alter the 
spatial organization of muscle activity during computer work as described by changes in 
the location of the center of gravity of activity across and changes in the uniformity of 
activation patterns the electrode array. 
Biofeedback interventions using HDsEMG signals have not yet been thoroughly 
investigated for use in postural correction. HDsEMG biofeedback interventions appear 
advantageous because of the ability to provide feedback of the overall spatial activity of a 
muscle. In cases of neck and shoulder pain, particularly in the workplace, HDsEMG will 
be particularly useful because it can provide awareness to shift trapezius muscle activity 













5. Evaluation of Novel EMG Biofeedback for Postural 
Correction during Computer Use 
 
5.1 Introduction 
 Chronic neck pain is a growing disorder, in which 48.5% of the world population 
experiences at least one occurrence of pain in the neck or shoulder region in their lifetime 
(Fejer et al., 2006). Neck pain is most commonly seen in women working in a computer-
dominated work environment (Bassols et al., 1999). Treatments of chronic neck and 
shoulder pain have low success rates because of the complexity of the disorder (Dellve et 
al., 2011). Because neck pain is associated with a computer-dominated work 
environment, a large economic burden is placed on employers because of workers 
compensation costs (Côté et al., 2008). At-risk workers may benefit from novel 
rehabilitation designed to prevent and provide permanent treatment to work-related neck 
and shoulder pain. 
 Because it is difficult to pinpoint a specific cause of chronic pain disorders, there 
are many rehabilitation strategies in place for chronic musculoskeletal disorders; 
however, these interventions often provide only temporary pain relief (Mikeladze et al., 
2003; He et al., 2004). The most common rehab strategies include strength training of the 
stabilizing muscles of the neck and shoulder, manipulation, massage, and thermal agents 
(Feine & Lund, 1997). 
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 Patients with trapezius myalgia experience prolonged and increased muscle 
activity of the neck and shoulder muscles (Sandsjö et al., 2000; Veiersted, 1994). 
Continuous hyperactivity of the upper trapezius coupled with inadequate rest time 
contributes to muscle pain (Vasseljen & Westgaard, 1995). In the workplace, computer 
use requires physically repetitive movements with a continuous low level of muscle 
activity, which have been linked to the development of musculoskeletal disorders 
(Blangsted et al., 2004). Hodges and Moseley (2003) demonstrated that changes in 
activation patterns may be a response to pain.  
Reducing the continuous activation in the upper trapezius through postural re-
education may be a treatment solution to chronic neck and shoulder pain. In the 
computer-dominated workplace, proper posture is emphasized because it provides 
musculoskeletal balance to the stabilizing muscles of the neck and shoulder (Griegel-
Morris et al., 1992) because “poor” head and neck posture correlates with neck pain 
symptoms (Yip et al., 2008). The primary goal of postural correction is to shift the 
activation patterns away from the upper trapezius toward the middle and lower trapezius 
(McLean, 2005). Patients with neck and shoulder pain demonstrate altered postural 
position during computer use (Wegner et al., 2010). Szeto et al., (2002) found that 
symptomatic computer users demonstrated an increased head tilt and more scapular 
protraction than compared to asymptomatic patients.  
 EMG biofeedback, which provides a real-time assessment of muscle activity 
levels, may be an effective method of postural re-education used to treat chronic neck and 
shoulder pain. Biofeedback provides information which could help selectively activate 
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individual neck and shoulder muscles (Faucett et al., 2002; Hermens & Hutten, 2002). 
For example, Palmerud et al. (1995), demonstrated that patients with neck pain can 
redistribute muscle activity to shoulder muscles through biofeedback intervention. 
Gaining the ability to selectively activate and redistribute activity to other muscles of the 
neck and shoulder regions may create balanced muscle activity levels throughout the 
trapezius (Holtermann et al., 2010). Nord et al. (2001) trained computer users to 
voluntarily control their neck and shoulder muscles through shifting activity patterns 
inferiorly using EMG biofeedback. 
 EMG biofeedback is traditionally applied through bipolar surface EMG 
recordings. Although this configuration records muscle activity, the recording is limited 
to a small area of the muscle and may not characterize activations well in a muscle with 
complex architecture (e.g. trapezius). To our knowledge, only one other investigation has 
used high-density surface EMG (HDsEMG) feedback parameters in a real-time 
biofeedback for investigation (Samani et al. , 2010).  
 The objective of this investigation was to assess the effectiveness of postural 
correction using a biofeedback interface guided by HDsEMG feedback during computer 
work. We hypothesized that an HDsEMG interface would (1) improve cervicoscapular 
posture as measured by the cranial-vertebral angle and scapular elevation and (2) result in 
a more uniform and inferior distribution of trapezius muscle activity compared to 






 Twenty participants (Table 5.1) without a history of chronic neck or shoulder pain 
participated in the investigations. Participants were recruited from the university and 
local community. All participants provided a written, informed consent in accordance 
with the Colorado Multiple Institutional Review Board (COMIRB) prior to the start of 
the experimental session. Participants visited the laboratory for one data collection in 
which cervicoscapular posture and trapezius muscle activity were collected during three 
directed postures. 
 
Table 5.1. Participant demographic data. 
 Male Female 
Mean SD Mean SD 
Age (years) 30.4 9.9 36.5 13.9 
Height (cm) 183.8 8.0 171.7 5.9 
Weight (kg) 84.1 12.8 77.5 9.5 
Dominant Hand (right\left) 9\1 - 9\1 - 
 
5.2.2 Instrumentation 
Participants were instrumented with 25 reflective markers (Figure 5.1a) used to 
record motion with eight cameras surrounding the motion capture area (Vicon, 
Centennial, CO). HDsEMG signals were recorded from two semi-disposable adhesive 
electrode arrays (ELSCH064NM2 Pin Out, OT Bioelettronica, Torino, Italy). The 
superior electrode array was placed overly the upper trapezius (UT) and middle trapezius 
(MT), and the inferior electrode array was placed overlying the MT and lower trapezius 
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(LT) (Figure 5.1b). Each electrode array was composed of 64 electrodes, in a 13x5 
orientation with an 8-mm inter-electrode distance (IED) and a 3-mm electrode diameter. 
There is one missing electrode in the inferior-lateral corner of each array, which 
represents the origin that describes electrode position (Figure 5.2a). EMG signals were 
amplified (64 channel surface EMG-USB2 amplifier, OT Bioelettronica, Torino, Italy; 
bandwidth 10-500 Hz) by a factor of 5000, sampled at 2048 Hz, and converted to digital 
form by a 12-bit A/D converter. Visual inspection of the raw EMG signals was 
performed in post-processing to identify any channels with poor contact or short circuits 
and signals were linearly interpolated using adjacent channels (Gallina et al., 2013). 
 (a)                                                         
(b)          





(a)     (b)  
Figure 5.2. (a) Schematic of HDsEMG electrode array with position on trapezius (b) 
example of topographical map (interpolation by a factor of 8) of 51 bipolar average rectified 
values of superior array with center of gravity (white dot) and innervation zone (white 
dashed line) 
 
To standardize electrode array placement across all participants, the superior 
electrode array was placed in relation to the innervation zone (Farina et al., 2002). Prior 
to placement of the superior electrode array, the main innervation zone of the upper 
trapezius was identified using a dry linear array (SA 16/5, OT Bioelettronica, Torino, 
Italy) that consists of: 16 silver bar electrodes, 5-mm IED, 1 mm width. The superior 
electrode array was placed with the 4th electrode row along the C7-acromion line with the 
most medial electrode column 10-mm distant from the innervation zone, parallel to 
muscle fiber direction (Figure 5.2a) (Farina et al., 2008). Skin beneath the electrode 











5.2.3 Experimental Protocol 
Each participant performed two 15-minute typing tasks with postural instruction 
with and without biofeedback. Prior to the start of the typing tasks, a researcher coached 
each participant on how to sit with correct posture during typing. The participant was 
instructed to maintain a “neutral” posture in which their trunk was upright, chin was 
tucked, and shoulder blades were slightly depressed and adducted. Adopting this posture 
enacts an inferior shift in trapezius muscle activity (Wegner et al., 2010). The participant 
practiced this posture for one minute with corrective feedback from the researcher. 
 Two types of postural instruction for each typing task were given to the 
participant in a random order. The two types of instruction were (1) verbal feedback from 
the research regarding the neutral posture prior to the start of the typing task and (2) 
verbal feedback from the researcher plus visual feedback of HDsEMG signals during the 
typing task. 
 
       
Figure 5.3. Experimental set up using reflective markers to record motion and HDsEMG 
electrodes to record trapezius muscle activity during computer use. 
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5.2.4 Biofeedback Interface 
The biofeedback intervention displayed a real-time onscreen indicator of trapezius 
muscle activity (Figure 5.4). The activity ratio (AR) indicated how muscle activity was 
distributed between the superior and inferior fibers of the trapezius; therefore an increase 
in the AR was associated with greater relative activation of the upper fibers of the 
trapezius. Real-time EMG signals from both HDsEMG arrays were bandpass filtered (4th 
order Butterworth, 10-500 Hz). The signals were summed across all electrodes in each 
array, and the ratio of signal amplitude (superior/inferior) was calculated. The average 
AR recorded during the coached neutral posture was the threshold for the biofeedback 
interface. When the real-time AR exceeded this threshold, the participant received an 
onscreen visual alert (Figure 5.2b) to alter the distribution of their trapezius muscle 
activity through postural correction. 
(a)    (b)  
Figure 5.4. Biofeedback interface displaying real-time activity ratio (a) below threshold and 







5.2.5 Data Processing 
 Cervicoscapular posture was quantified during each typing task by two measures: 
cranial-vertebral angle and scapular position. Marker data was filtered with a 4th order, 
zero phase lag Butterworth filter with lowpass cutoff frequency of 5 Hz. The cranial-
vertebral angle was calculated as the angle of a line from the C7 to the tragus with respect 
to a vertical reference (Figure 5.3a). Scapular position is difficult to measure because it is 
obstructed by several muscles in the rotator cuff (supraspinatus, infraspinatus, teres 
major, teres minor) and the deltoid. As a surrogate, scapular position was quantified by 
the marker placed on the acromion process on the dominate side of the participant. 
Scapular position was expressed in a local coordinate system fixed in the torso reference 
frame with an origin placed at C7 (Figure 5.3b). Scapular position in the frontal plane 
(θAB) was quantified by the angle between C7 and the acromion process with respect to 
the horizontal. Positive θAB angles indicate scapular abduction while negative θAB angles 
indicate scapular adduction. Scapular position in the sagittal plane was quantified by the 
angle between C7 and the acromion process with respect to the vertical. Positive θEL 






Figure 5.5. (a) CV angle (b) scapular position angles (θAB, θEL). A local coordinate system 
origin was placed on the marker on the C7. 
 
Average rectified values (ARV) of EMG signals were calculated over 0.5-s non-
overlapping epochs. Fifty-one bipolar systems were obtained from each electrode array 
(Figure 5.2b) in conjunction with fiber orientation (Farina et al., 2008; C Jensen & 
Westgaard, 1997). The distribution of trapezius muscle activity was represented by the 
location of center of gravity of activity in the inferior-super direction (YCOG) across both 
electrode arrays. Homogeneity in trapezius muscle activation patterns of the trapezius 
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where p2(i) is the square of the ARV at electrode i normalized by the summation of 
activity in the squares of the 51 ARV values. Higher values of entropy correspond to a 
more heterogeneous distribution of muscle activity across the arrays (Samani et al., 
2010).  
 
5.2.6 Statistical Analysis 
 All dependent variables were expressed relative to the coached neutral posture. 
Dependent variables included: cranial-vertebral angle, scapular position, location of 
YCOG, and entropy values. Small values indicate similarity to the coached neutral posture. 
The effect of biofeedback on cervicoscapular posture and the distribution of trapezius 
muscle activity were examined by comparing dependent variables across typing tasks 
with a one-tailed paired t-test. To determine the effect of time on the dependent variables, 
a one-tailed independent t-test was performed to determine if the average slope across all 
participants was different from zero. The effect of time on dependent variables between 
tasks was examined using a one-tailed paired t-test on the average slope of dependent 
variables throughout the duration of each task. Level of significance was set at α = 0.05. 
 
5.3 Results 
The biofeedback condition resulted in improved cervicoscapular posture and 





5.3.1 Cervicoscapular Posture 
 Figure 5.6 demonstrates the changes in cervicoscapular posture when typing with 
HDsEMG biofeedback for postural correction and when typing without. The change in 
θAB was 200.01  4.90% (P < 0.001) lower when typing with HDsEMG biofeedback, 
indicating that individuals demonstrated greater scapular adduction when typing with the 
biofeedback interface. The change in θEL was 20.92  4.90% (P < 0.001) lower when 
typing with HDsEMG biofeedback, indicating that individuals demonstrated greater 
scapular depression when typing with the biofeedback interface. The change in the 
cranial-vertebral angle was 8.40  28.97% (P = 0.147) smaller when typing without 









Figure 5.6. Change in cervicoscapular posture in typing tasks with and without HDsEMG 
biofeedback as described in (a) θAB angle (b) θEL angle (c) cranial-vertebral angle.  All 
variables referenced to the coached neutral posture. 
 
5.3.2 Spatial Distribution of Trapezius Muscle Activity 
 Figure 5.7 shows the changes in the distribution of trapezius muscle activity when 









































































and HDsEMG biofeedback. The change in location of YCOG with respect to the coached 
neutral posture was 208.97  2.68% (P < 0.001) more inferior when typing with 
HDsEMG biofeedback than compared to typing without. The distribution trapezius 
muscle activity was 1.26  57.03% (P = 0.459) more heterogeneous when typing with 
HDsEMG biofeedback than compared to typing without. 
 
Figure 5.7. Change in trapezius muscle distribution in typing tasks with and without HDsEMG 
biofeedback as described in (a) location of YCOG and (b) entropy. Both variables referenced to 

























































5.3.3 Changes over time of cervicoscapular posture and distribution of trapezius muscle 
activity 
 
 Positive slopes of cervicoscapular posture throughout the duration of each typing 
task indicate the gradual migration into poor posture (Figure 5.8). 
(a)  
(b)  
Figure 5.8.  Scapular posture (a) θAB (b) θEL of Subject 14 throughout the duration of each 
typing task. Positive slope indicates postural migration into poorer scapular posture. 
 
The average slope of θAB across all participants did not differ from zero when 
typing with verbal postural coaching alone or when typing with verbal postural coaching 
and HDsEMG biofeedback (P = 0.154; P = 0.40, respectively) (Figure 5.9a). In both 








































Linear (No Biofeedback) Linear (Biofeedback)
54 
 
gradual migration into greater scapular abduction. The average slope of θEL did not differ 
from zero when typing with verbal postural coaching alone or when typing with verbal 
postural coaching and HDsEMG biofeedback (P = 0.197; P = 0.970, respectively) 
(Figure 5.9b). In both typing tasks, θEL decreased throughout the duration of each task, 
which indicates greater scapular depression. The average slope of the cranial-vertebral 
angle did not differ from zero when typing with verbal postural coaching alone (P = 
0.202) but did increase when typing with HDsEMG biofeedback (P = 0.006) (Figure 
5.9c). In both typing tasks, the cranial-vertebral angle decreased throughout the duration 
of each task, which indicates greater cervical extension in comparison to the coached 
neutral posture. Average slopes of θAB, θEL, and cranial-vertebral angle did not vary 






Figure 5.9. Average slope of (a) θAB (b) θEL and (c) cranial-vertebral angle across all 
participants throughout the duration of each typing task. 
  
The average slope of YCOG did not change when typing with verbal postural coaching 


































































HDsEMG biofeedback (P = 0.008) (Figure 5.10a). The average slope of entropy values 
did not change when typing with verbal postural coaching alone or verbal postural 
coaching and HDsEMG biofeedback (P = 0.420; P = 0.116, respectively) (Figure 5.10b). 




Figure 5.10. Average slope of (a) YCOG (b) entropy across all participants throughout the 
























































 Biofeedback guided by HDsEMG feedback parameters used for postural 
correction during computer work led to improved cervicoscapular posture. HDsEMG 
biofeedback also altered the distribution of trapezius muscle activity.  
HDsEMG biofeedback was successful at altering scapular posture. When typing 
with the HDsEMG biofeedback, individuals demonstrated greater scapular depression 
and adduction than compared to when typing with only verbal postural coaching. 
Individuals were able to maintain more constant scapular position when typing with 
HDsEMG biofeedback, indicating that the interface was effective at preventing a gradual 
migration into poor posture. Poor scapular posture is known as scapular elevation and 
abduction, or a “hunched” posture. Individuals who adopt poor scapular posture are 
known to be at an increased risk to develop pain in the neck and shoulder regions than 
compared to individuals who adopt better posture (Cook et al., 2000). 
 HDsEMG biofeedback was successful at creating an inferior shift in COG 
location. When typing with no HDsEMG biofeedback, the change in mean change in 
location of YCOG was positive, indicated that it was located superiorly to that of the 
coached neutral posture. Alternatively, the mean change in location of YCOG was negative 
when typing with HDsEMG biofeedback, which demonstrates that the COG location was 
located inferior to that of the coached neutral posture. The observed findings are in 
agreement in previous investigations implementing HDsEMG biofeedback (Samani et al., 
2010). The current study showed no changes in the location of COG in the medial-lateral 
direction, which is similar to previous work (Farina et al., 2008; Kleine et al., 2000; 
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Madeleine et al., 2006; Samani et al., 2010). Over time, mean changes in the location of 
YCOG gradually increased in both typing tasks. The correlation between time and change 
in YCOG was stronger during the biofeedback condition, which shows the ability of 
participants to maintain a more consistent COG location in the inferior-super direction 
throughout the duration of the typing task.  
 In a rehabilitation setting, the goal of postural correction is to shift trapezius 
muscle activity inferior because the upper trapezius is susceptible to over-activation. 
Based on the results of the current study, HDsEMG biofeedback was successful at 
postural correction as evidenced by improved scapular posture. When typing with 
HDsEMG biofeedback, individuals who demonstrated greater scapular depression and 
adduction had a more inferior distribution of trapezius muscle activity. Permanently 
shifting trapezius activation patterns to a more inferior location to the middle and lower 
trapezius has many benefits, including a possible permanent treatment to chronic neck 
pain symptoms. Because individuals suffering from trapezius myalgia often experience 
weakness of the middle and lower portions of the trapezius, this HDsEMG biofeedback 
interface could also effectively strengthen these muscles in a rehabilitation setting. 
 Four of the participants were unable to comply with the biofeedback instructions, 
shown by higher AR with the biofeedback than without. The inability of the four 
participants who were unable to comply with the biofeedback indicates the inability to 
voluntarily activate the middle and lower subdivisions of the trapezius. These participants 
demonstrated more erratic scapular movement, more heterogeneous distribution patterns, 
and a more superior location of the COG during both typing tasks. No noticeable changes 
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were observed in the cranial-vertebral angle of these participants. Previous investigations 
(Westad et al., 2003; Westgaard & De Luca, 1999) have demonstrated that in low-level 
contractions of the trapezius muscle, there were periods of motor unit inactivity followed 
by substitution of motor units with higher recruitment threshold. Westgaard & De Luca 
(1999) concluded that this substitution mechanism is a way to reduce fatigue in the motor 
units of the trapezius during low-level muscle activity. The increase in recruitment of 
higher threshold motor units is evidenced by the increase in heterogeneity of the 
distribution of muscle activity when typing with HDsEMG biofeedback. The recruitment 
of higher threshold motor units during sustained low-level contractions, such as computer 
work, may explain the increase in activity ratio of these four participants during the 
biofeedback condition.  Future work may investigate the effecta of retraining these 
individuals when using HDsEMG biofeedback during computer work. 
 
5.4.1 Limitations 
 The participants were only allotted a few minutes of time to familiarize 
themselves with the HDsEMG biofeedback interface. Therefore, this may be the reason 
of their non-compliance in the biofeedback condition. 
 The dependent variables chosen to describe the spatial distribution of trapezius 
muscle activity (COG, entropy) were computed from both electrode arrays. The 
innervation zone of each subdivision as well as activations within each subdivision may 
affect the outcome of each variable. However, Farina et al., (2008) reported that these 
physiologic issues had minimal effects on dependent variables. This investigation only 
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used one electrode array placed on the upper trapezius. It was assumed that the effects of 
the innervation zones and activation patterns of the individual subdivisions of the inferior 
array would be similar to those seen in the superior array. 
 The three selected postures are not specific to the three subdivisions of the 
trapezius. Therefore, the role of surrounding muscles (e.g. deltoid) could have effects on 
the dependent variables.  
Biofeedback guided by HDsEMG may be more effective than EMG biofeedback 
using bipolar electrode configurations because of the ability to use the entire special 
activation patterns of the muscle in question. However, comparisons were not made 
between bipolar and HDsEMG signals in this study. 
 
5.5 Conclusion 
 This study demonstrated that biofeedback guided by HDsEMG parameters was 
successful at changing cervicoscapular posture and the spatial distribution patterns of 
trapezius muscle activity. Participants who were able to comply with the biofeedback 
demonstrated smaller cranial-vertebral angles, more inferior locations of the scapula and 













6. Summary and Recommendations 
 
 The objective of this project was to determine the correlation between 
cervicoscapular posture and to develop an effective treatment method for chronic neck 
and shoulder pain caused by trapezius myalgia using EMG biofeedback for postural 
correction. Despite substantial attention from clinicians and researchers, permanent 
treatment to pain symptoms in musculoskeletal disorders are often inefficient. The results 
presented here validate the reasoning of postural correction used to alter the distribution 
of trapezius muscle activity. 
 
6.1 Cervicoscapular Posture and Trapezius Muscle Activity 
 Proper posture is heavily emphasized in ergonomics because abnormal 
cervicoscapular posture places the individual at higher risk to develop chronic neck or 
shoulder pain. Increased scapular elevation created an increase in cervical flexion while 
scapular depression created greater cervical extension. Because individuals with chronic 
neck pain symptoms exhibit forward head positions, it can be argued that, based on the 




The effect of cervicoscapular posture on the spatial distribution of trapezius 
muscle activity is not well understood. The current study demonstrated a relation between 
scapular position and the distribution of trapezius muscle activity. To track scapular 
position throughout the directed postures, a method was developed to measure scapular 
position relative to C7 in the sagittal and frontal plane. Scapular elevation was correlated 
with a more superior distribution of trapezius. Cervical posture did not affect the 
distribution of trapezius muscle activity. In a rehabilitation setting, postural correction 
emphasizing correct scapular posture will have a greater impact on altering activation 
patterns of the trapezius. 
 The true position of the scapula is difficult to measure using motion capture 
because of the substantial amount of soft-tissue covering it. Future work may investigate 
the true position of the scapula using biplane fluoroscopy, which provides real-time 
three-dimensional position of internal structures.  
 
6.2 Real-time Postural Correction using HDsEMG Biofeedback 
 Real-time postural correction was applied using HDsEMG biofeedback in 
computer users. The primary goal of postural correction is to minimize stress and strain 
on the body. When used to treat chronic neck and shoulder pain, postural correction aims 
to shift trapezius muscle activity from the upper trapezius to the middle and lower 
trapezius. This method was successful at changing cervicoscapular posture and the 
distribution of trapezius muscle activity. The addition of EMG biofeedback resulted in 
postures closer to “proper” posture, as evidenced by closer values to the coached neutral 
63 
 
posture. EMG biofeedback also resulted in a more inferior distribution of trapezius 
muscle activity. Greater scapular depression and adduction coincided with less muscle 
activity in the upper trapezius and more activity in the middle and lower trapezius.  
 Topographical maps created from HDsEMG feedback parameters provide 
extremely valuable physiologic information. However, these maps often are hard to 
interpret. Future work may aim to develop a metric to analyze these maps in a more 
effective manner. Specifically, the area of activation patterns over time of the upper 
trapezius may provide further insight in fatigue studies. 
 Four of the participants were unable to comply with the biofeedback intervention 
(higher activity ratio when typing with HDsEMG biofeedback). This indicates the 
inability to redistribute muscle activity to the middle and lower trapezius. Future work 
should investigate the effects of re-training these participants with HDsEMG biofeedback 
to determine if they are able to successfully able to create a more inferior location of 
distribution of trapezius muscle activity when typing with the biofeedback.  
 The results demonstrate considerable promise of this biofeedback intervention’s 
ability to alter cervicoscapular posture and trapezius muscle activity. The participants 
tested in this study had no symptoms of chronic neck or shoulder pain. Future work 
should investigate the effects of implementing the HDsEMG biofeedback intervention for 
rehabilitation application in pathologic individuals. Because trapezius myalgia creates 
weakness in the middle and lower portion of the trapezius, this biofeedback intervention 
may also be effective tool to strengthen these weakened muscles. Strengthening the 
middle and lower portions of the trapezius will allow participants to be able to 
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permanently shift activation patterns inferior, and thus creating a possible permanent 


























Ahlgren, C., Waling, K., Kadi, F., Djupsjöbacka, M., Thornell, L. E., & Sundelin, G. 
(2001). Effects on physical performance and pain from three dynamic training 
programs for women with work-related trapezius myalgia. Journal of Rehabilitation 
Medicine, 33(4), 162–9. 
Ankrum, D. R., & Nemeth, K. J. (2000). Head and Neck Posture at Computer 
Workstations - What’s Neutral? Proceedings of the 14th Triennial Congress of the 
International Ergonomics Association, 5, 565–568. 
Barclay-Goddard, R. (2005). Force Platform Feedback for Standing Balance Training 
After Stroke. Stroke, 36(2), 412–413. 
Bassols, A., Bosch, F., Campillo, M., Cañellas, M., & Baños, J. E. (1999). An 
epidemiological comparison of pain complaints in the general population of 
Catalonia (Spain). Pain, 83(1), 9–16. 
Behrsin, J. K., & Macguire, K. (1986). Levator scapulae action during shoulder 
movement - a possible mechanism for shoulder pain of cervical origin. Australian 
Journal of Physiotherapy, 32(2), 101–106. 
Blanchard, E. B., Appelbaum, K. a, Radnitz, C. L., Morrill, B., Michultka, D., Kirsch, C., 
Guarnieri, P., et al. (1990). A controlled evaluation of thermal biofeedback and 
thermal biofeedback combined with cognitive therapy in the treatment of vascular 
headache. Journal of Consulting and Clinical Psychology, 58(2), 216–24. 
Blangsted, A. K., Søgaard, K., Christensen, H., & Sjøgaard, G. (2004). The effect of 
physical and psychosocial loads on the trapezius muscle activity during computer 
keying tasks and rest periods. European Journal of Applied Physiology, 91(2-3), 
253–8. 
Blok, J. H., Van Dijk, J. P., Drost, G., Zwarts, M. J., & Stegeman, D. F. (2002). A high-
density multichannel surface electromyography system for the characterization of 
single motor units. Review of Scientific Instruments, 73(4), 1887. 
Breen, P. P., Nisar, A., & Olaighin, G. (2009). Evaluation of a single accelerometer based 
biofeedback system for real-time correction of neck posture in computer users. 
66 
 
Conference of the IEEE Engineering in Medicine and Biology Society, 2009, 7269–
72. 
Ceceli, E., Durson, E., & Cacki, A. (1996). Comparison of joint-position biofeedback and 
conventional therapy methods in Genu recurvatum after stroke - 6 months’ follow-
up. European Journal of Physical Medicine & Rehabilitation, 6(5), 141–144. 
Cescon, C., Rebecchi, P., & Merletti, R. (2008). Effect of electrode array position and 
subcutaneous tissue thickness on conduction velocity estimation in upper trapezius 
muscle. Journal of Electromyography and Kinesiology, 18(4), 628–36. 
Chapman, S. L. (1986). Clinical Section Review A rticle A Review and Clinical 
Perspective on the Use of EMG and Thermal Biofeedback for Chronic Headaches, 
21. 
Cook, C., Burgess-Limerick, R., & Chang, S. (2000). The prevalence of neck and upper 
extremity musculoskeletal symptoms in computer mouse users. International 
Journal of Industrial Ergonomics, 26(3), 347–356. 
Cools, A. M., Dewitte, V., Lanszweert, F., Notebaert, D., Roets, A., Soetens, B., Cagnie, 
B., et al. (2007). Rehabilitation of scapular muscle balance: which exercises to 
prescribe? The American Journal of Sports Medicine, 35(10), 1744–51. 
Côté, P., Cassidy, J. D., Carroll, L. J., & Kristman, V. (2004). The annual incidence and 
course of neck pain in the general population: a population-based cohort study. Pain, 
112(3), 267–73. 
Côté, P., Velde, G., David Cassidy, J., Carroll, L. J., Hogg-Johnson, S., Holm, L. W., 
Carragee, E. J., et al. (2008). The Burden and Determinants of Neck Pain in 
Workers. European Spine Journal, 17(S1), 60–74. 
Croft, P. R., Lewis, M., Papageorgiou, a C., Thomas, E., Jayson, M. I., Macfarlane, G. J., 
& Silman, a J. (2001). Risk factors for neck pain: a longitudinal study in the general 
population. Pain, 93(3), 317–25. 
De Luca, C. J., Adam, A., Wotiz, R., Gilmore, L. D., & Nawab, S. H. (2006). 
Decomposition of surface EMG signals. Journal of Neurophysiology, 96(3), 1646–
57. 
Dellve, L., Ahlstrom, L., Jonsson, A., Sandsjö, L., Forsman, M., Lindegård, A., 
Ahlstrand, C., et al. (2011). Myofeedback training and intensive muscular strength 
training to decrease pain and improve work ability among female workers on long-
term sick leave with neck pain: a randomized controlled trial. International Archives 
of Occupational and Environmental Health, 84(3), 335–46. 
67 
 
Dickens, V. A., Williams, J. L., & Bhamra, M. S. (2005). Role of physiotherapy in the 
treatment of subacromial impingement syndrome: a prospective study. 
Physiotherapy, 91(3), 159–164. 
Drost, G., Stegeman, D. F., Van Engelen, B. G. M., & Zwarts, M. J. (2006). Clinical 
applications of high-density surface EMG: a systematic review. Journal of 
Electromyography and Kinesiology, 16(6), 586–602. 
Dursun, E., Dursun, N., & Alican, D. (2004). Effects of biofeedback treatment on gait in 
children with cerebral palsy. Disability and Rehabilitation, 26(2), 116–20. 
Edmondston, S. J., Sharp, M., Symes, A., Alhabib, N., & Allison, G. T. (2011). Changes 
in mechanical load and extensor muscle activity in the cervico-thoracic spine 
induced by sitting posture modification. Ergonomics, 54(2), 179–86. 
Egner, T., & Gruzelier, J. H. (2004). EEG Biofeedback of low beta band components: 
frequency-specific effects on variables of attention and event-related brain 
potentials. Clinical Neurophysiology, 115(1), 131–139. 
Eltayeb, S., Staal, J. B., Kennes, J., Lamberts, P. H. G., & De Bie, R. a. (2007). 
Prevalence of complaints of arm, neck and shoulder among computer office workers 
and psychometric evaluation of a risk factor questionnaire. BMC Musculoskeletal 
Disorders, 8, 68. 
Enwemeka, C. S., Bonet, I. M., Ingle, J. a, Prudhithumrong, S., Ogbahon, F. E., & 
Gbenedio, N. a. (1986). Postural Correction in Persons with Neck Pain (II. 
Integrated Electromyography of the Upper Trapezius in Three Simulated Neck 
Positions). The Journal of Orthopaedic and Sports Physical Therapy, 8(5), 240–2. 
Falla, D., Bilenkij, G., & Jull, G. (2004). Patients with chronic neck pain demonstrate 
altered patterns of muscle activation during performance of a functional upper limb 
task. Spine, 29(13), 1436–40. 
Falla, D., & Farina, D. (2007). Periodic increases in force during sustained contraction 
reduce fatigue and facilitate spatial redistribution of trapezius muscle activity. 
Experimental Brain Research, 182(1), 99–107. 
Falla, D., Jull, G., Russell, T., Vicenzino, B., & Hodges, P. (2007). Effect of neck 
exercise on sitting posture in patients with chronic neck pain. Physical Therapy, 
87(4), 408–17. 
Farina, D., Leclerc, F., Arendt-Nielsen, L., Buttelli, O., & Madeleine, P. (2008). The 
change in spatial distribution of upper trapezius muscle activity is correlated to 
contraction duration. Journal of Electromyography and Kinesiology, 18(1), 16–25. 
68 
 
Farina, D., Madeleine, P., Graven-Nielsen, T., Merletti, R., & Arendt-Nielsen, L. (2002). 
Standardising surface electromyogram recordings for assessment of activity and 
fatigue in the human upper trapezius muscle. European Journal of Applied 
Physiology, 86(6), 469–78. 
Faucett, J., Garry, M., Nadler, D., & Ettare, D. (2002). A test of two training 
interventions to prevent work-related musculoskeletal disorders of the upper 
extremity. Applied Ergonomics, 33(4), 337–47. 
Feine, J. S., & Lund, J. P. (1997). An assessment of the efficacy of physical therapy and 
physical modalities for the control of chronic musculoskeletal pain. Pain, 71(1), 5–
23. 
Fejer, R., Kyvik, K. O., & Hartvigsen, J. (2006). The prevalence of neck pain in the 
world population: a systematic critical review of the literature. European Spine 
Journal, 15(6), 834–48. 
Ferdjallah, M., Harris, G. F., Smith, P., & Wertsch, J. J. (2002). Analysis of postural 
control synergies during quiet standing in healthy children and children with 
cerebral palsy. Clinical Biomechanics, 17(3), 203–10. 
Gallina, A., Merletti, R., & Gazzoni, M. (2013). Uneven spatial distribution of surface 
EMG: what does it mean? European Journal of Applied Physiology, 113(4), 887–94. 
Gerr, F., Marcus, M., & Monteilh, C. (2004). Epidemiology of musculoskeletal disorders 
among computer users: lesson learned from the role of posture and keyboard use. 
Journal of Electromyography and Kinesiology, 14(1), 25–31. 
Griegel-Morris, P., Larson, K., Mueller-Klaus, K., & Oatis, C. A. (1992). Incidence of 
common postural abnormalities in the cervical, shoulder, and thoracic regions and 
their association with pain in two age groups of healthy subjects. Physical Therapy, 
72(6), 425–31. 
He, D., Veiersted, K. B., Høstmark, A. T., & Medbø, J. I. (2004). Effect of acupuncture 
treatment on chronic neck and shoulder pain in sedentary female workers: a 6-month 
and 3-year follow-up study. Pain, 109(3), 299–307. 
Henneman, E. (1985). The size-principle: a deterministic output emerges from a set of 
probabilistic connections. The Journal of Experimental Biology, 115, 105–12. 
Hermens, H. J., & Hutten, M. M. . (2002). Muscle activation in chronic pain: its 
treatment using a new approach of myofeedback. International Journal of Industrial 
Ergonomics, 30(4-5), 325–336. 
69 
 
Hodges, P. W., & Moseley, G. L. (2003). Pain and motor control of the lumbopelvic 
region: effect and possible mechanisms. Journal of Electromyography and 
Kinesiology, 13(4), 361–370. 
Holtermann, A, Mork, P. J., Andersen, L. L., Olsen, H. B., & Søgaard, K. (2010). The 
use of EMG biofeedback for learning of selective activation of intra-muscular parts 
within the serratus anterior muscle: a novel approach for rehabilitation of scapular 
muscle imbalance. Journal of Electromyography and Kinesiology, 20(2), 359–65. 
Holtermann, A, Roeleveld, K., Mork, P. J., Grönlund, C., Karlsson, J. S., Andersen, L. L., 
Olsen, H. B., et al. (2009). Selective activation of neuromuscular compartments 
within the human trapezius muscle. Journal of Electromyography and Kinesiology, 
19(5), 896–902. 
Holtermann, Andreas, Roeleveld, K., & Karlsson, J. S. (2005). Inhomogeneities in 
muscle activation reveal motor unit recruitment. Journal of Electromyography and 
Kinesiology, 15(2), 131–7. 
Jensen, C, & Westgaard, R. H. (1997). Functional subdivision of the upper trapezius 
muscle during low-level activation. European Journal of Applied Physiology and 
Occupational Physiology, 76(4), 335–9. 
Jensen, Chris, Finsen, L., Søgaard, K., & Christensen, H. (2002). Musculoskeletal 
symptoms and duration of computer and mouse use. International Journal of 
Industrial Ergonomics, 30(4-5), 265–275. 
Johnson, G., Bogduk, N., Nowitzke, A., & House, D. (1994). Anatomy and actions of the 
trapezius muscle. Clinical Biomechanics, 9, 44–50. 
Karlqvist, L., Tornqvist, E. W., Hagberg, M., Hagman, M., & Toomingas, A. (2002). 
Self-reported working conditions of VDU operators and associations with 
musculoskeletal symptoms: a cross-sectional study focussing on gender differences. 
International Journal of Industrial Ergonomics, 30(4-5), 277–294. 
Kleine, B. U., Schumann, N. P., Stegeman, D. F., & Scholle, H. C. (2000). Surface EMG 
mapping of the human trapezius muscle: the topography of monopolar and bipolar 
surface EMG amplitude and spectrum parameters at varied forces and in fatigue. 
Clinical Neurophysiology, 111(4), 686–93. 
Larsson, B, Björk, J., Elert, J., & Gerdle, B. (2000). Mechanical performance and 
electromyography during repeated maximal isokinetic shoulder forward flexions in 
female cleaners with and without myalgia of the trapezius muscle and in healthy 
controls. European Journal of Applied Physiology, 83(4 -5), 257–67. 
70 
 
Larsson, Britt, Andersen, J. L., Kadi, F., Björk, J., & Gerdle, B. (2002). Myosin heavy 
chain isoforms influence surface EMG parameters: a study of the trapezius muscle 
in cleaners with and without myalgia and in healthy teachers. European Journal of 
Applied Physiology, 87(6), 481–8. 
Larsson, R., Oberg, P. A., & Larsson, S. E. (1999). Changes of trapezius muscle blood 
flow and electromyography in chronic neck pain due to trapezius myalgia. Pain, 
79(1), 45–50. 
Larsson, S. E., Bodegård, L., Henriksson, K. G., & Oberg, P. a. (1990). Chronic trapezius 
myalgia. Morphology and blood flow studied in 17 patients. Acta Othopaedica 
Scandinavica, 61(5), 394–8. 
Leiper, C. I., Miller, A., Lang, J., & Herman, R. (1981). Sensory feedback for head 
control in cerebral palsy. Physical Therapy, 61(4), 512–8. 
Lin, S.-I., Lo, C.-C., Lin, P.-Y., & Chen, J.-J. J. (2012). Biomechanical assessments of 
the effect of visual feedback on cycling for patients with stroke. Journal of 
Electromyography and Kinesiology, 22(4), 582–8. 
Lindegård, A., Wahlström, J., Hagberg, M., Vilhelmsson, R., Toomingas, A., & 
Tornqvist, E. W. (2012). Perceived exertion, comfort and working technique in 
professional computer users and associations with the incidence of neck and upper 
extremity symptoms. BMC Musculoskeletal Disorders, 13(1), 38. 
Lindman, R., Hagberg, M., Angqvist, K. a, Soderlund, K., Hultman, E., & Thornell, L. E. 
(1991). Changes in muscle morphology in chronic trapezius myalgia. Scandinavian 
Journal of Work, Environment & Health, 17(5), 347–355. 
Ludewig, P. M., & Cook, T. M. (2000). Alterations in Shoulder Kinematics and 
Associated Muscle Activity in People With. Physical Therapy, 80(3), 276–291. 
Lundberg, U., Kadefors, R., Melin, B., Palmerud, G., Hassmen, P., Engstrom, M., & 
Dohns, I. E. (1994). Psychophysiological stress and EMG activity of the trapezius 
muscle. International Journal of Behavioral Medicine, 1(4), 354–70. 
Ma, C., Szeto, G. P., Yan, T., Wu, S., Lin, C., & Li, L. (2011). Comparing biofeedback 
with active exercise and passive treatment for the management of work-related neck 
and shoulder pain: a randomized controlled trial. Archives of Physical Medicine and 
Rehabilitation, 92(6), 849–58. 
Madeleine, P., & Farina, D. (2008). Time to task failure in shoulder elevation is 
associated to increase in amplitude and to spatial heterogeneity of upper trapezius 
71 
 
mechanomyographic signals. European journal of applied physiology, 102(3), 325–
33. doi:10.1007/s00421-007-0589-2 
Madeleine, P., Leclerc, F., Arendt-Nielsen, L., Ravier, P., & Farina, D. (2006). 
Experimental muscle pain changes the spatial distribution of upper trapezius muscle 
activity during sustained contraction. Clinical Neurophysiology, 117(11), 2436–45. 
Maluf, K. S., & Enoka, R. M. (2005). Task failure during fatiguing contractions 
performed by humans. Journal of Applied Physiology, 99(2), 389–96. 
Marcus, D. a, Scharff, L., Mercer, S., & Turk, D. C. (1998). Nonpharmacological 
treatment for migraine: incremental utility of physical therapy with relaxation and 
thermal biofeedback. Cephalalgia : An International Journal of Headache, 18(5), 
266–72; discussion 242. 
McLean, L. (2005). The effect of postural correction on muscle activation amplitudes 
recorded from the cervicobrachial region. Journal of Electromyography and 
Kinesiology, 15(6), 527–35. 
Merletti, R, Knaflitz, M., & De Luca, C. J. (1990). Myoelectric manifestations of fatigue 
in voluntary and electrically elicited contractions. Journal of Applied Physiology, 
69, 1810–1820. 
Merletti, Roberto, Holobar, A., & Farina, D. (2008). Analysis of motor units with high-
density surface electromyography. Journal of Electromyography and Kinesiology, 
18(6), 879–90. 
Mikeladze, G., Espinal, R., Finnegan, R., Routon, J., & Martin, D. (2003). Pulsed 
radiofrequency application in treatment of chronic zygapophyseal joint pain. The 
Spine Journal, 3(5), 360–362. 
Mottram, S. L., Woledge, R. C., & Morrissey, D. (2009). Motion analysis study of a 
scapular orientation exercise and subjects’ ability to learn the exercise. Manual 
Therapy, 14(1), 13–8. 
Ng, G. Y. F., Zhang, a Q., & Li, C. K. (2008). Biofeedback exercise improved the EMG 
activity ratio of the medial and lateral vasti muscles in subjects with patellofemoral 
pain syndrome. Journal of Electromyography and Kinesiology, 18(1), 128–33. 
Nichols, D. S. (1997). Balance retraining after stroke using force platform biofeedback. 
Physical Therapy, 77(5), 553–8. 
72 
 
Nord, S., Ettare, D., Drew, D., & Hodge, S. (2001). Muscle learning therapy--efficacy of 
a biofeedback based protocol in treating work-related upper extremity disorders. 
Journal of Occupational Rehabilitation, 11(1), 23–31. 
Öberg, T., Sandsjö, L., Kadefors, R., & Larsson, S. (1992). Electromyographic changes 
in work-related myalgia of the trapezius muscle. European Journal of Applied 
Physiology, 65, 251–257. 
Palmerud, G., Kadefors, R., Sporrong, H., Järvholm, U., Herberts, P., Högfors, C., & 
Peterson, B. (1995). Voluntary redistribution of muscle activity in human shoulder 
muscles. Ergonomics, 38(4), 806–15. 
Piligian, G., Herbert, R., Hearns, M., Dropkin, J., Landsbergis, P., & Cherniack, M. 
(2000). Evaluation and management of chronic work-related musculoskeletal 
disorders of the distal upper extremity. American Journal of Industrial Medicine, 
37(1), 75–93. 
Røe, C., Bjørklund, R. a, Knardahl, S., Waersted, M., & Vøllestad, N. K. (2001). 
Cognitive performance and muscle activation in workers with chronic shoulder 
myalgia. Ergonomics, 44(1), 1–16. 
Rojas-Martínez, M., Mañanas, M. a, Alonso, J. F., & Merletti, R. (2012). Identification of 
isometric contractions based on High Density EMG maps. Journal of 
Electromyography and Kinesiology, In Press. 
Rokicki, L. a, Holroyd, K. a, France, C. R., Lipchik, G. L., France, J. L., & Kvaal, S. a. 
(1997). Change mechanisms associated with combined relaxation/EMG biofeedback 
training for chronic tension headache. Applied Psychophysiology and Biofeedback, 
22(1), 21–41. 
Rosendal, L., Larsson, B., Kristiansen, J., Peolsson, M., Søgaard, K., Kjaer, M., 
Sørensen, J., et al. (2004). Increase in muscle nociceptive substances and anaerobic 
metabolism in patients with trapezius myalgia: microdialysis in rest and during 
exercise. Pain, 112(3), 324–34. 
Ryan, M., & Gevirtz, R. (2004). Biofeedback-based psychophysiological treatment in a 
primary care setting: an initial feasibility study. Applied Psychophysiology and 
Biofeedback, 29(2), 79–93. 
Samani, A., Holtermann, A., Søgaard, K., & Madeleine, P. (2010). Active biofeedback 
changes the spatial distribution of upper trapezius muscle activity during computer 
work. European Journal of Applied Physiology, 110(2), 415–23. 
73 
 
Sandsjö, L., Melin, B., Rissén, D., Dohns, I., & Lundberg, U. (2000). Trapezius muscle 
activity, neck and shoulder pain, and subjective experiences during monotonous 
work in women. European Journal of Applied Physiology, 83(2-3), 235–8. 
Scharff, L., Marcus, D. a, & Masek, B. J. (2002). A controlled study of minimal-contact 
thermal biofeedback treatment in children with migraine. Journal of Pediatric 
Psychology, 27(2), 109–19. 
Spence, S. H., Sharpe, L., Newton-John, T., & Champion, D. (1995). Effect of EMG 
biofeedback compared to applied relaxation training with chronic, upper extremity 
cumulative trauma disorders. Pain, 63(2), 199–206. 
Straker, L., & Mekhora, K. (2000). An evaluation of visual display unit placement by 
electromyography, posture, discomfort and preference. International Journal of 
Industrial Ergonomics, 26(3), 389–398. 
Stuckey S.J., J. A. (1986). EMG Biofeedback Training, Relaxation Training, and Placebo 
for the Relief of Chronic Back Pain. Perceptual and Motor Skills, 63, 1023–1036. 
Szeto, G. P. Y., Straker, L. M., & O’Sullivan, P. B. (2005). A comparison of 
symptomatic and asymptomatic office workers performing monotonous keyboard 
work--2: neck and shoulder kinematics. Manual Therapy, 10(4), 281–91. 
Szeto, G. P. Y., Straker, L., & Raine, S. (2002). A field comparison of neck and shoulder 
postures in symptomatic and asymptomatic office workers. Applied Ergonomics, 
33(1), 75–84. 
Thorn, S., Forsman, M., Zhang, Q., & Taoda, K. (2002). Low-threshold motor unit 
activity during a 1-h static contraction in the trapezius muscle. International Journal 
of Industrial Ergonomics, 30, 225–236. 
Tornqvist, E. W., Hagberg, M., Hagman, M., Risberg, E. H., & Toomingas, A. (2009). 
The influence of working conditions and individual factors on the incidence of neck 
and upper limb symptoms among professional computer users. International 
Archives of Occupational and Environmental Health, 82(6), 689–702. 
Van Andel, C., Van Hutten, K., Eversdijk, M., Veeger, D., & Harlaar, J. (2009). 
Recording scapular motion using an acromion marker cluster. Gait & posture, 29(1), 
123–8. 
Van Dijk, J. P., Blok, J. H., Lapatki, B. G., Van Schaik, I. N., Zwarts, M. J., & Stegeman, 
D. F. (2008). Motor unit number estimation using high-density surface 
electromyography. Clinical Neurophysiology, 119(1), 33–42. 
74 
 
Van Peppen, R., Kortsmit, M., Lindeman, E., & Kwakkel, G. (2006). Effects of Visual 
Feedback Therapy on Postural Control in Bilateral Standing After Stroke: a 
Systematic Review. Journal of Rehabilitation Medicine, 38(1), 3–9. 
Vasseljen, O., & Westgaard, R. H. (1995). A case-control study of trapezius muscle 
activity in office and manual workers with shoulder and neck pain and symptom-
free controls. International Archives of Occupational and Environmental Health, 
67(1), 11–8. 
Veiersted, K B, Westgaard, R. H., & Andersen, P. (1993). Electromyographic evaluation 
of muscular work pattern as a predictor of trapezius myalgia. Scandinavian Journal 
of Work, Environment & Health, 19(4), 284–90. 
Veiersted, K.B. (1994). Sustained muscle tension as a risk factor for trapezius myalgia. 
International Journal of Industrial Ergonomics, 14(4), 333–339. 
Vermeulen, H. M., Stokdijk, M., Eilers, P. H. C., Meskers, C. G. M., Rozing, P. M., & 
Vliet Vlieland, T. P. M. (2002). Measurement of three dimensional shoulder 
movement patterns with an electromagnetic tracking device in patients with a frozen 
shoulder. Annals of the Rheumatic Diseases, 61(2), 115–20. 
Vlaeyen, J. W., Kole-Snijders, a M., Boeren, R. G., & Van Eek, H. (1995). Fear of 
movement/(re)injury in chronic low back pain and its relation to behavioral 
performance. Pain, 62(3), 363–72. 
Voerman, G E, Sandsjö, L., Vollenbroek-Hutten, M. M. R., Groothuis-Oudshoorn, C. G. 
M., & Hermens, H. J. (2004). The influence of different intermittent myofeedback 
training schedules on learning relaxation of the trapezius muscle while performing a 
gross-motor task. euro, 93(1-2), 57–64. 
Voerman, G E, Vollenbroek-Hutten, M. M. R., & Hermens, H. J. (2007). Upper trapezius 
muscle activation patterns in neck-shoulder pain patients and healthy controls. 
European Journal of Applied Physiology, 102(1), 1–9. 
Voerman, Gerlienke E, Sandsjö, L., Vollenbroek-Hutten, M. M. R., Larsman, P., 
Kadefors, R., & Hermens, H. J. (2007). Effects of ambulant myofeedback training 
and ergonomic counselling in female computer workers with work-related neck-
shoulder complaints: a randomized controlled trial. Journal of Occupational 
Rehabilitation, 17(1), 137–52. 
Waling, K., Sundelin, G., Ahlgren, C., & Järvholm, B. (2000). Perceived pain before and 
after three exercise programs--a controlled clinical trial of women with work-related 
trapezius myalgia. Pain, 85(1-2), 201–7. 
75 
 
Wegner, S., Jull, G., O’Leary, S., & Johnston, V. (2010). The effect of a scapular postural 
correction strategy on trapezius activity in patients with neck pain. Manual Therapy, 
15(6), 562–6. 
Westad, C., Westgaard, R. H., & De Luca, C. J. (2003). Motor unit recruitment and 
derecruitment induced by brief increase in contraction amplitude of the human 
trapezius muscle. The Journal of Physiology, 552(2), 645–56. 
Westgaard, R. H., & De Luca, C. J. (1999). Motor Unit Substitution in Long-Duration 
Contractions of the Human Trapezius Muscle. Journal of Neurophysiology, 82, 501–
504. 
Wolf, S. L., & Binder-MacLeod, S. a. (1983). Electromyographic biofeedback 
applications to the hemiplegic patient. Changes in upper extremity neuromuscular 
and functional status. Physical Therapy, 63(9), 1393–403. 
Yip, C. H. T., Chiu, T. T. W., & Poon, A. T. K. (2008). The relationship between head 
posture and severity and disability of patients with neck pain. Manual Therapy, 
13(2), 148–54. 
Yoo, W.-G., & Kim, M.-H. (2010). Effect of different seat support characteristics on the 
neck and trunk muscles and forward head posture of visual display terminal 
workers. Work, 36(1), 3–8. 
Zennaro, D., Läubli, T., Krebs, D., Klipstein, A., & Krueger, H. (2003). Continuous, 
intermitted and sporadic motor unit activity in the trapezius muscle during 
prolonged computer work. Journal of Electromyography and Kinesiology, 13(2), 
113–124. 
 
